D-Galacturonate (GalUA) is a negatively charged monosaccharide that forms the backbone of pectic cell wall components either as an a-(1/4)-linked homopolymer in homogalacturonans (HGAs) and substituted galacturonans or as part of the repeat unit [/4)-a-D-GalpUA-(1/2)-a-L-Rhap-(1/] in rhamnogalacturonan-I (Bacic et al., 1988; Carpita and Gibeaut, 1993; Mohnen, 1999; Ridley et al., 2001) . GalUA is also present in side chain A of the complex polysaccharide rhamnogalacturonan-II, which plays a unique role in borate-mediated cross-linking within the wall (O'Neill et al., 1996 . Within the eukaryotic domain of organisms, GalUA appears to be confined to plants where it rivals Glc in overall abundance as a primary cell wall component. This suggests that GalUA is uniquely suited to fulfill the structural requirements of specific cell wall polysaccharides such as HGAs, which form cross-linked complexes with Ca 21 ions commonly referred to as the egg-box model (Grant et al., 1973) . GalUA is synthesized as its UDP derivative by the 4-epimerization of UDP-GlcUA, a nucleotide sugar that is in turn formed either by the dehydrogenation of UDP-Glc (Tenhaken and Thulke, 1996) or by the so-called inositol oxygenation pathway (Loewus et al., 1973) . Similar to the 4-epimerization of UDP-Glc and UDP-Xyl, the conversion of UDP-GlcUA to UDPGalUA is believed to proceed via a transient 4-keto intermediate, which is generated by an enzyme-bound pyridine nucleotide cofactor (Maitra et al., 1974; Feingold and Avigad, 1980) . Because of lack of stereospecificity, the resulting oxidation-reduction cycle leads to an equilibrium mixture of the two 4-epimers (Fig. 1) .
UDP-GlcUA 4-epimerase activities have been detected in several prokaryotes (Smith et al., 1958; Ankel and Tischer, 1969; Gaunt et al., 1974) and plant species, including mung bean (Phaseolus aureus; Neufeld et al., 1958; Feingold et al., 1960; Mitcham et al., 1991) , radish (Raphanus sativus; Neufeld, 1966; Liljebjelke et al., 1995) , asparagus (Asparagus officinalis), and spinach (Spinacia oleracea; Neufeld et al., 1958) ; however, coding regions for these plant enzymes have not previously been described.
A bacterial UDP-GlcUA 4-epimerase (Cap1J) has recently been cloned from Streptococcus pneumoniae and functionally expressed in Escherichia coli (Muñ oz et al., 1999) . In agreement with the proposed catalytic mechanism, this enzyme belongs to the family of short-chain dehydrogenases/reductases, which catalyze various NAD(P)
1 -dependent reactions including many nucleotide sugar interconversion steps (Jö rnvall et al., 1995) . Homologous genes likely to encode UDPGlcUA 4-epimerase activities have also been described for Sinorhizobium meliloti (Keating et al., 2002) and Klebsiella pneumoniae (Regué et al., 2004) ; however, functional expression of these two coding regions has not been reported. Based on sequence similarity to the Streptococcus enzyme, we used a bioinformatics approach to identify six likely homologs within the Arabidopsis genome, which were designated GAE1-GAE6 (Reiter and Vanzin, 2001 ). Here, we report the functional expression of isoform GAE1 in Pichia pastoris and demonstrate that it acts as a nucleotide sugar 4-epimerase specifically interconverting the UDPGlcUA/UDP-GalUA pair. Unlike their bacterial counterparts, the plant GAEs are predicted to be type II membrane proteins, suggesting that they provide UDP-GalUA directly to Golgi-localized galacturonosyltransferases in pectin synthesis.
RESULTS

Arabidopsis Contains Six Coding Regions with
Significant Sequence Similarity to UDP-GlcUA 4-Epimerase from S. pneumoniae
To identify candidate genes for UDP-GlcUA 4-epimerases in Arabidopsis, the amino acid sequence for the soluble UDP-GlcUA 4-epimerase Cap1J from S. pneumoniae (Muñ oz et al., 1999) was used to search the Arabidopsis protein database. This search revealed six homologs corresponding to the Arabidopsis Genome Initiative identification numbers At4g30440, At1g02000, At4g00110, At2g45310, At4g12250, and At3g23820. These putative proteins were designated GAE1 through GAE6 for UDP-GlcUA 4-epimerase isoforms 1 to 6 (Fig. 2) . All of these coding regions were predicted to be intronless and transcribed based on entries in dbEST. GAE1 and GAE6 were the by far most highly expressed isoforms with 29 and 51 expressed sequence tags (ESTs), respectively, whereas GAE2-GAE5 showed considerably lower expression levels (approximately 5-6 ESTs each). An evaluation of genomic and cDNA sequence databases revealed close homologs in virtually all angiosperms and gymnosperms for which cDNA or genome sequencing projects exist. Examples include potato (Solanum tuberosum), pea (Pisum sativum), rice (Oryza sativa), onion (Allium cepa), and pine (Pinus taeda). Interestingly, GAE-like sequences were also found in the moss Physcomitrella patens (see EST accessions BQ040396 and BJ164276) and the unicellular alga Chlamydomonas reinhardtii (e.g. EST accessions BI725633 and BI726335), whereas no obvious GAE homologs were present in eukaryotes other than plants, which correlates with the apparent absence of GalUA from animals, fungi, and protozoa. A phylogenetic comparison revealed a low but significant degree of sequence similarity of the GAEs to UDP-Glc 4-epimerases and UDP-Xyl 4-epimerases from Arabidopsis and other organisms (Fig. 2B ). The GAE1 through GAE6 genes are predicted to encode proteins of 429 to 460 amino acids with deduced molecular masses of 47.4 to 50.6 kD. All putative proteins contain the amino acid sequence motif GxxGxxG that is involved in binding of the cofactor NAD(P) 1 (Wierenga et al., 1986 ) and the YxxxK motif that is part of the catalytic domain of short-chain dehydrogenases/reductases (Jö rnvall et al., 1995; Thoden et al., 1997; Fig. 2A) . Alignment of the putative Arabidopsis proteins with Cap1J and related bacterial sequences revealed N-terminal extensions of about 90 amino acids in GAE1 through GAE6 (shown for GAE1 in Fig. 2A ). Hydropathy profiles of the protein sequences and an evaluation by the Transmembrane Hidden Markov model algorithm (http:// www.cbs.dtu.dk/services/TMHMM/) indicated that these N-terminal extensions contain a single transmembrane domain with type II topology, i.e. the catalytic domain is predicted to reside in the lumen of the endomembrane system. N-terminal transmembrane domains were also present in all five GAE homologs identified via TBLASTN searches in the rice genome and for homologs identified in a large variety of other plants based on EST sequence information (data not shown). This suggests that UDP-GlcUA 4-epimerases exist as membrane-anchored isoforms throughout the plant kingdom although the existence of soluble homologs cannot be ruled out. Heterologous Expression of GAE1 in P. pastoris
To test GAE1 for nucleotide sugar 4-epimerase activities, the full-length GAE1 coding region was cloned into the P. pastoris pPICZB expression vector, utilizing C-terminal myc epitope and polyhistidine tags. The construct was then transformed into P. pastoris strain KM71. Following a screen for transformants with high expression levels, crude cell-free extracts of P. pastoris expressing GAE1 were analyzed by SDS-PAGE and western blotting using a primary anti-myc antibody and an alkaline phosphataseconjugated secondary antibody. Results from SDS-PAGE showed no significant difference in the protein profile between cells transformed with pPICZB-GAE1 and pPICZB (empty vector), which indicated a relatively low expression of the recombinant enzyme (data Residues conserved between all three sequences are shaded in black, and residues conserved between two of the sequences are shaded in gray. The putative transmembrane domain at the N terminus of GAE1 is boxed, and the conserved GxxGxxG and YxxxK motifs involved in the binding of the NAD(P) 1 cofactor and catalysis are indicated above the sequence alignment. B, Phylogenetic tree encompassing GAE1 to GAE6 from Arabidopsis, Cap1J from S. pneumoniae, LpsL from S. meliloti, and nucleotide sugar 4-epimerases from Arabidopsis that are known or believed to be involved in the interconversion of UDP-Glc (UGE1 to UGE5) or UDP-Xyl (MUR4, UXE2, UXE3, and UXE4). not shown). However, immunoblotting with a mycspecific antibody identified a protein with a molecular mass of approximately 50 kD (Fig. 3A) , which is equal to the expected molecular mass of GAE1 plus the mycepitope and polyhistidine tags (50.1 kD). This protein was not detectable in crude protein extracts from P. pastoris transformed with the empty vector (pPICZB; Fig. 3A ).
The Recombinant GAE1 Exhibits UDP-D-Glucuronate 4-Epimerase Activity
To assay GAE1 for UDP-sugar 4-epimerase activities, crude P. pastoris protein extracts solubilized with 4% (v/v) CHAPS were incubated with UDP- ]GalUA without formation of other detectable products. Determination of the GalUA to GlcUA ratio by phosphoimaging of thin-layer chromatograms showed that GAE1 establishes a 1.3:1 equilibrium between UDP-GalUA and UDP-GlcUA (Fig. 3B ). Boiled samples and crude extracts from cells transformed with the empty vector (pPICZB) showed no interconversion activity (Fig. 3B) . To determine the substrate specificity of GAE1, crude extracts containing recombinant GAE1 were incubated with UDP-[
]Glc, and UDP-[ 14 C] Xyl. These assays did not produce any detectable products, suggesting that the enzyme is specific for the UDPGlcUA/UDP-GalUA pair. Positive controls with a plant UDP-Glc 4-epimerase and the MUR4-encoded UDP-Xyl 4-epimerase (Burget et al., 2003) yielded UDP-Gal from UDP-Glc and UDP-Ara from UDPXyl as expected (data not shown).
To verify that the reaction products from the GAE1 assays with radiolabeled UDP-GlcUA represented nucleotide sugars rather than monosaccharides or sugar phosphates, the reaction products were purified using anion-exchange chromatography (Bonin and Reiter, 2000; Burget et al., 2003) . Ionic strengths required to elute the three sugar types were determined by loading and eluting GalUA, a-GalUA-1-phosphate, and a mixture of unlabeled UDP-GalUA and radiolabeled UDP-GlcUA. GalUA eluted at 50 mM potassium phosphate, pH 3.0, at 4°C, whereas a-GalUA-1-phosphate eluted at 200 mM, and the UDPGalUA and UDP-GlcUA mixture eluted at 300 mM of this buffer. Once these conditions were established, the reaction products from the assays with GAE1 and UDP-[ 14 C]GlcUA were loaded onto an anion-exchange column and eluted with two column volumes each of 10, 50, 200, and 300 mM potassium phosphate, pH 3.0, at 4°C. More than 90% of the radioactivity eluted with 300 mM of this buffer, indicating that the reaction products represented nucleotide sugars.
GAE1 Expressed in P. pastoris and UDP-GlcUA 4-Epimerases in Arabidopsis Localize to Microsomal Fractions
GAE1 and all of its paralogs in Arabidopsis are predicted to be type II membrane proteins. To determine if the recombinant GAE1 localizes to the membrane fractions of P. pastoris, we prepared microsomes from transgenic Pichia lines and assayed both microsomal and soluble fractions for UDP-GlcUA 4-epimerase activity using UDP-[ 14 C ]GlcUA as a substrate. Heterologous expression of GAE1 in P. pastoris. A, Western blotting using an antiserum toward the myc epitope. Crude protein extracts from P. pastoris transformed with pPICZB-GAE1 and from an empty vector transformant (pPICZB) were separated by SDS-PAGE and transferred to a membrane prior to immunological detection. The antiserum recognizes a 50-kD protein in the crude extract from a pPICZB-GAE1 transformant, which fits the expected molecular mass of the recombinant myc epitope and polyhistidine tagged GAE1 (50.1 kD). This protein was not detectable in crude extracts from an empty vector transformant. B, Autoradiograph of a thin-layer chromatogram of the 14 C-labeled reaction products from assays of UDP-sugar 4-epimerase activities using crude extracts from P. pastoris and UDP-D-[ 14 C]sugar substrates. The types of protein extracts used are indicated at the top, and the nucleotide sugar substrates are indicated at the bottom. Nucleotide sugars were hydrolyzed to monosaccharides prior to TLC analysis. The only interconversion reaction observed was the reversible 4-epimerization of UDP-GlcUA to UDP-GalUA in the presence of recombinant GAE1 protein.
Following hydrolysis, products were analyzed by TLC. These assays detected GAE1 activity in the solubilized microsomal fraction but not in the soluble protein fraction (Fig. 4A) . To determine if UDP-GlcUA 4-epimerases in Arabidopsis are exclusively targeted to a membrane system, intact microsomes, detergentsolubilized microsomes, and the soluble protein fraction prepared from leaves of 3-week-old plants were assayed for interconversion activities. This experiment showed UDP-GlcUA 4-epimerase activity in solubilized microsomes and to a lesser extent in the intact microsomal fraction (Fig. 4B) . Incubation of UDPGlcUA with the soluble fraction did not yield any detectable GalUA. Instead, products with R f values typical of Xyl and Ara were formed, which presumably reflects the action of cytoplamic UDP-Xyl synthase and UDP-Xyl 4-epimerase activities (Fig. 4B ).
Enzyme Stability, Cofactors, and Inhibitors of the Recombinant GAE1
To characterize the recombinant GAE1 in more detail, we initially determined the stability and optimal assay conditions for the enzyme. Storage of crude extracts containing the recombinant GAE1 at 4°C for 16 h reduced GAE1 activity to 30%, and storage at 25°C for 16 h reduced activity to 14% of its original value (data not shown). Freezing and thawing of the crude extract in the absence of cryoprotectants abolished enzymatic activity entirely. In comparison, enzyme stored at 220°C or 280°C in 50% (v/v) glycerol for 7 d retained approximately 80% of its activity. To examine the influence of pH on GAE1 activity, protein preparations were assayed in 50 mM Tris-HCl, pH 7.4 to 8.9, and 50 mM potassium phosphate, pH 6.0 to 7.6. These experiments revealed enzymatic activity over a broad pH range with an optimum at pH 7.6 (Fig. 5A) .
To analyze the effect of oxidized and reduced forms of pyridine nucleotide cofactors, NAD 1 , NADH, NADP 1 , and NADPH were added to GAE1 assays and the effects compared to assays conducted in the absence of these compounds. Addition of up to 3 mM NAD 1 , NADH, NADP 1 , or NADPH did not affect the interconversion activity, which suggests that GAE1 expressed in P. pastoris already contains tightly bound NAD 1 or NADP 1 to initiate the interconversion reaction. To test the effects of nucleotides, nucleotide sugars, and monosaccharides, up to 2 mM UDP, UDPGal, UDP-Glc, and UDP-Xyl, and up to 5 mM Xyl, Glc, Gal, GlcUA, GalUA, Rha, Ara, Man, or Fuc were included in the reaction mixture. Of these compounds, only UDP-Xyl was found to significantly inhibit GAE1 activity (Fig. 5B ). This suggests that the concentration of UDP-Xyl may regulate GAE1 activity in vivo. Addition of EDTA up to a final concentration of 10 mM did not influence GAE1 activity, indicating that the enzyme is not dependent on divalent cations.
Substrate Binding by the Recombinant GAE1
To determine kinetic parameters of GAE1, the rates of product formation were determined as a function of substrate concentration. Computerized nonlinear regression fit and double reciprocal plot (LineweaverBurk plot) were constructed using GraphPad Prism Version 3.03, and the equation of the best fit was determined. The apparent K m of GAE1 was 0.19 mM for both plots (R 2 5 0.98-0.99; Fig. 5C ).
Expression Pattern of GAE1 and Its Homologs in Arabidopsis
The expression pattern of GAE1 was determined by transforming a GAE1:GUS fusion construct into Arabidopsis and analyzing the transgenic plants for b-glucuronidase (GUS) activity. Results from this experiment showed that GAE1:GUS is strongly expressed in all major tissues of Arabidopsis (Fig. 6) indicating that GAE1 serves as a major housekeeping enzyme. In roots, the expression of GAE1:GUS appeared to be restricted to the stele (Fig. 6C) . Semiquantitative reverse transcription (RT)-PCR results confirmed the ubiquitous expression of GAE1 (Fig. 6F) . Expression patterns of the other GAE isoforms were evaluated via the massive parallel signature sequencing (MPSS) database for Arabidopsis (http://mpss.udel.edu/at/). Analysis of these data indicated strong expression of GAE1 and GAE6 in all major organs (leaves, roots, inflorescences, and siliques), whereas GAE2 through GAE4 showed moderate expression throughout the plant. GAE5 was moderately expressed in leaves and siliques but not in inflorescences or roots. The overall expression levels taken from the MPSS database were in good agreement with the number of GAE-derived cDNAs in dbEST. 
DISCUSSION
To identify candidate genes for UDP-GlcUA 4-epimerases in the Arabidopsis genome, the amino acid sequence of UDP-GlcUA 4-epimerase from S. pneumoniae (Muñ oz et al., 1999) was used to search the Arabidopsis protein database for homologs, which led to the identification of six coding regions designated GAE1 to GAE6. All of these proteins are predicted to belong to the NAD(P)
1 -dependent family of shortchain dehydrogenases/reductases, which include various dehydrogenases, epimerases, decarboxylases, and dehydratases in nucleotide sugar interconversion reactions (Jörnvall et al., 1995) . In contrast to UDP-GlcUA 4-epimerases from bacterial sources, all of the GAE proteins in Arabidopsis and rice are predicted to be type II membrane proteins, and EST data from many other plant species indicate the presence of N-terminal transmembrane domains. This is in line with the observation that all UDP-GlcUA 4-epimerase activity in Arabidopsis is associated with the microsome fraction (Fig. 4B ) and that this activity has also been found in membrane fractions from mung bean seedlings (Neufeld et al., 1958; Feingold et al., 1960; Mitcham et al., 1991) , radish roots (Neufeld, 1966; Mitcham et al., 1991; Liljebjelke et al., 1995) , asparagus shoots, and spinach leaves (Neufeld et al., 1958) . Feingold et al. (1960) reported the presence of both soluble and membrane-bound UDP-GlcUA 4-epimerase activities from mung bean seedlings, which may reflect the presence of cytoplasmically targeted isoform(s) or proteolytic events during enzyme purification, which may separate the catalytic domain from the transmembrane domain.
Coding regions for membrane-bound nucleotide sugar interconversion enzymes in Arabidopsis have previously been described for UDP-Xyl 4-epimerase (Burget et al., 2003) and UDP-GlcUA decarboxylases (Harper and Bar-Peled, 2002) ; however, soluble isoforms for these enzymes also exist (Harper and BarPeled, 2002; R. Verma and W.-D. Reiter, unpublished data) . Because the MUR4-encoded UDP-Xyl 4-epimerase from Arabidopsis has recently been localized to the Golgi (Burget et al., 2003) , it is tempting to speculate that the GAE proteins are also targeted to the Golgi where they could provide UDP-GalUA to galacturonosyltransferases in cell wall synthesis. The structures of MUR4 and GAE1 are surprisingly similar to each other with transmembrane domains of 15 and 18 amino acids, respectively, and N-terminal extensions of 36 amino acids in MUR4 and 34 amino acids in GAE1. This suggests that distinct ancestral nucleotide sugar interconversion enzymes have become fused to similar signal-anchor sequences during plant evolution. The absence of soluble GAE isoforms at least in Arabidopsis (and presumably also in rice) may reflect the exclusive use of UDP-GalUA for the synthesis of pectic cell wall material, obviating the need for a cytoplasmic pool of this nucleotide sugar.
In this study, we found that recombinant GAE1 catalyzed the interconversion of UDP-GlcUA to UDPGalUA but did not act on UDP-Glc, UDP-Gal, or UDPXyl. This strongly suggests that GAE1 shows a high specificity for the UDP-GlcUA/UDP-GalUA pair. The recombinant GAE1 has a pH optimum of 7.6 and an apparent K m of 0.19 mM for UDP-GlcUA (Fig. 5, A and  C) . These values are similar to the recombinant Cap1J protein from S. pneumoniae, which has a pH optimum of 7.5 and a K m for UDP-GlcUA of 0.24 mM (Muñ oz et al., 1999) . The equilibrium constant of the GAE1-catalyzed reaction was determined to be 1.3 in the direction of UDP-GalUA, which is in line with an equilibrium constant of 1.1 for a UDP-GlcUA 4-epimerase preparation from mung bean (Feingold et al., 1960 ) and a value of 1.3 for the recombinant enzyme from S. pneumoniae (Muñ oz et al., 1999) .
GAE1 activity was strongly inhibited by UDP-Xyl but not by UDP, UDP-Gal, or UDP-Glc. This suggests that UDP-Xyl is a specific and physiologically relevant inhibitor of GAE1, which may serve to regulate cell wall synthesis on the precursor level. For instance, accumulation of UDP-Xyl may reflect low glycosyltransferase activities in the synthesis of Xyl-containing hemicelluloses (xylans and xyloglucans), so inhibition of GAE1 by UDP-Xyl would reduce the availability of UDP-GalUA to galacturonosyltransferases in pectin synthesis. The net result would be a coordinate regulation of the synthesis of pectic and hemicellulosic cell wall components.
The expression pattern of GAE1 was analyzed with a promoter:GUS construct, indicating that GAE1 was expressed in all organs consistent with a function as a housekeeping gene involved in the synthesis of an essential cell wall precursor (Fig. 6, A-E) . This expression pattern was furthermore confirmed by RT-PCR analysis (Fig. 6F) and data from the MPSS project. The expression of GAE1 in all tissues raises some questions about the function of GAE2 to GAE6. Our recent observation that GAE6 expressed in P. pastoris has UDPGlcUA 4-epimerase activity (M. Mølhøj, R. Verma, and W.-D. Reiter, unpublished data) suggests that all of the GAE genes encode proteins with this enzymatic activity. The substantial overlap in GAE expression suggests genetic redundancy; however, some of the isoforms may be expressed in specific cell types or tissues, or be localized to different compartments within the endomembrane system. This could have interesting consequences for the spatial organization of nucleotide sugar interconversion enzymes and their interaction with glycosyltransferases in cell wall synthesis. 
MATERIALS AND METHODS
Plant Material and Growth Conditions
Construction of Plasmids and Genetic Transformation of Escherichia coli, Pichia pastoris, and Arabidopsis
To generate an expression construct for GAE1, the full-length GAE1 gene was PCR amplified from genomic DNA using the oligonucleotides 5#-TCACAGGTACCAATAATGCCTTCAATAGAAGATGA-3# and 5#-CTA-CATCTAGATGTACAAGCTTGGCTTTAGTATTG-3# (KpnI and XbaI sites engineered into the primers are underlined). After cleavage of the PCR product with KpnI and XbaI, it was cloned into the Pichia pastoris vector pPICZB (Invitrogen, Carlsbad, CA) cleaved with the same two enzymes. This cloning strategy established a translational fusion between GAE1 and the C-terminal myc epitope and polyhistidine tags built into the vector. The resulting construct pPICZB-GAE1 was linearized with BstXI and transformed into P. pastoris strain KM71 by electroporation.
To analyze the expression pattern of GAE1, approximately 2.3 kb of nucleotide sequences upstream of the coding region were PCR amplified from genomic DNA using the oligonucleotides 5#-TATTGTCTGCAGAAGAAAA CTAAACCGGGAAACTATTGATTACC-3# and 5#-AGTAACCCATGGTCA-TAATTTAATTAAACTCTCTTTACAACAAAAATTC-3# (PstI and NcoI sites are underlined) and cloned in frame with the uidA (GUS) reporter gene in the binary vector pCAMBIA1301 (CAMBIA, Canberra, Australia) giving pCAM-BIA1301-GAE1.
PCR reactions were performed using PfuTurbo DNA polymerase (Stratagene, La Jolla, CA), and the sequences of all constructs were verified using the ABI Prism Big Dye Terminator cycle sequencing reaction kit (Perkin-Elmer Applied Biosystems, Foster City, CA) and an ABI Prism 377 DNA sequencer. Arabidopsis was transformed by the floral dip method (Clough and Bent, 1998) using Agrobacterium tumefaciens strain GV3101 (pMP90).
Screening of P. pastoris Transformants
Twenty-four individual P. pastoris transformants were screened for expression of the recombinant GAE1 protein as follows: 25 mL of BMGY (buffered complex glycerol media) supplemented with 100 mg mL 21 zeocin in a 200-mL flask was inoculated with a single colony and grown at 28°C in a shaking incubator (260 rpm) for 24 h until an OD 600 of approximately 2 was reached. Cells were harvested by centrifugation and resuspended in 50 mL of BMMY (buffered complex methanol media) at an OD 600 of 1. Two-milliliter aliquots were removed every 24 h, and methanol was added to a final concentration of 0.5% (v/v) at these time points to maintain induction conditions for a total of 96 h. Cells were pelleted by centrifugation and stored at 280°C. Crude cell-free extracts were prepared by washing cells once in breaking buffer [50 mM Tris-HCl, pH 7.6, 1 mM EDTA, 2 mM dithiothreitol (DTT), 5% (v/v) glycerol] followed by sequential vortexing for 30 s and placing on ice for a total of eight cycles in 200 mL of breaking buffer containing 4% (w/v) CHAPS (Sigma, St. Louis), 1 3 Complete protease inhibitor cocktail (Roche Diagnostics, Mannheim, Germany), and an equal volume of acid-washed glass beads (425-600 mm; Sigma). After centrifugation for 10 min at 13,000 rpm in a microfuge, the cleared supernatants were transferred to fresh tubes and stored at 220°C. Protein extracts were analyzed by immunodot blotting using an Immobilon-P transfer membrane (Millipore, Bedford, MA), a Bio-Dot apparatus (BioRad Laboratories, Hercules, CA), and a 1:2,000 dilution of an alkaline phosphatase-conjugated anti-myc antibody (Invitrogen). The incubations were carried out in 50 mM Tris-HCl, pH 7.4, 500 mM NaCl, 2% (v/v) Tween 20, and 5% (v/v) horse serum. Alkaline phosphatase was detected colorimetrically using 0.03% (w/v) 4-nitro blue tetrazolium chloride and 0.02% (w/v) 5-bromo-4-chloro-3-indolyl-phosphate (p-toluidine salt) in AP buffer (0.1 M Tris, pH 9.5, 0.1 M NaCl, 5 mM MgCl 2 ). A transformant expressing high level of recombinant GAE1 after 2 d of induction was chosen for large-scale expression (200 mL). Cells were stored at 280°C and used for the preparation of crude protein extracts containing recombinant GAE1.
SDS-PAGE and Western Analysis
SDS-PAGE was performed in 10% polyacrylamide gels, and proteins were stained with 0.1% (w/v) Coomassie Brilliant Blue R-250 in methanol:acetic acid:water (9:2:9, v/v/v) and destained in the same solution without the dye. For western blots, proteins were transferred onto Immobilon-P transfer membranes (Millipore) by semidry electroblotting. For immunological detection, membranes were incubated overnight at 4°C with a 1:3,000 dilution of rabbit anti-myc primary antibody (Invitrogen) followed by incubation with a 1:2,000 dilution of an alkaline phosphatase-conjugated goat anti-rabbit
Preparation of Microsomes from Pichia and Arabidopsis and Assay for UDP-GlcUA 4-Epimerase Activity
Cells from 50 mL of a P. pastoris flask culture induced with methanol for 2 d were centrifuged at 2,500g for 5 min and resuspended in 10 mL homogenization buffer (0.33 M Suc, 50 mM Tris-HCl, pH 7.6, 1 mM MgCl 2 , 1 mM EDTA, 1 mM DTT, 1 3 Complete protease inhibitor cocktail). The suspension was centrifuged at 2,500g for 5 min. The pellet was resuspended in 5 mL of homogenization buffer, and 2 mL of acid-washed 425 to 600 mm glass beads were added. The mixture was vortexed eight times for 1 min each, with 2 min on ice between each vortexing. The supernatant was centrifuged at 2,500g for 2 min to remove beads, then at 14,000g for 20 min to remove cell debris, and then finally at 150,000g for 60 min to obtain the membrane fraction. The microsomal pellet was resuspended by mixing in 50 mL of resuspension buffer (50 mM Tris-HCl, pH 7.6, 1 mM EDTA, 2 mM DTT, 5% [v/v] glycerol, 1 3 Complete protease inhibitor cocktail). The supernatant of the 150,000g centrifugation step was used as the soluble protein preparation. The microsomal membranes were solubilized with 4% (w/v) CHAPS, incubated for 20 min on ice, and centrifuged at 50,000g for 20 min. Ten micrograms of protein from each of the soluble preparation and the solubilized microsomes were used to assay for GAE1 activity in 50 mL of 50 mM Tris-HCl, pH 7.6, 25 nCi of UDP-[ 14 C] GlcUA and incubated at 25°C for 16 h.
As with P. pastoris, microsomes from wild-type Arabidopsis plants were obtained by differential centrifugation. All steps of the homogenization and isolation procedure were performed on ice or at 4°C. Microsomes were
